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Abstract 

Effect of Devitrification Temperature on the Microstructure of NiTi Films 

by 

Michael Joseph Vestel 

Doctor of Philosophy in Engineering-Materials Science and Engineering 

University of California, Berkeley 

Professor Ronald Gronsky, Chair 

 

 

Crystalline nickel titanium (NiTi) films are known to possess superelastic 

properties offering superior advantages in engineering applications where resilient 

mechanical response is essential. One such application of increasing importance in the 

biomedical field is the fabrication of micro-needles for transdermal or subdermal fluid 

transport, including the integration of micro-needles with silicon structures such as bio-

MEMS assemblies.  Unfortunately, the direct deposition of Ni-Ti alloys onto silicon is 

sometimes compromised by grossly mismatched thermal expansion coefficients resulting 

in delamination and spalling of the metallic films. This obstacle can be overcome by 

depositing the metallic alloy as an amorphous phase followed by a release of the 

amorphous film, and then a crystallization anneal (also called “devitrification” since it 
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follows from a glassy phase) to develop the microstructure needed to induce the 

superelastic effect.   

This work seeks to understand the effect of devitrification temperature on the 

microstructure of crystallized, freestanding amorphous NiTi films and the kinetics of the 

crystallization transformation.  This has been accomplished using transmission electron 

microscopy (TEM) combined with differential scanning calorimetry (DSC) and x-ray 

energy dispersive spectrometry (EDS). Results reported here indicate that the free surface 

of the film transforms differently and results in a different microstructure than the interior 

of the film. The grains that nucleate at the surface grow into the film in a columnar 

fashion and transform mostly between the rhombohedral phase and the austenite phase 

when thermally cycled between –100ºC and 200ºC. The interior of the film crystallizes 

separately from the columnar grains to form platelets. These platelet grains transform 

between martensite and austenite when thermally cycled between -100ºC and 200ºC. 

Temperatures as low as 390ºC are reported here to partially crystallize amorphous 

films removed from a substrate, while crystallizing at 400ºC is shown to fully crystallize 

the amorphous film. The film crystallized at 420ºC for 200 minutes was fully 

characterized with TEM, electrons energy loss spectroscopy (EELS), EDS and DSC, 

showing CMOS compatible temperatures can be used to produce fully crystalline NiTi 

films that undergo phase transformations between martensite, austenite and an 

intermediate rhombohedral phase. 
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1 Introduction 

The shape memory effect (SME) and super-elastic effect (SE) involve a thermally 

induced or mechanically (figure 1) induced solid-state, crystalline phase transformation 

between a ductile martensitic phase and a stiffer austenitic phase (M-A transformation). 

The terminology of a low temperature martensite phase and high temperature austenite 

phase are borrowed from the naming of the high temperature and low temperature phases 

of steel alloys. Superelasticity is the ability for a material to elastically absorb large 

strains (3-10%) due to this reversible phase transformation. The SME refers to the ability 

of a material to be deformed 

in its low temperature phase, 

martensite, and then 

transform or remember its 

original shape when heated 

to its high temperature phase, 

austenite. 
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Figure 1: Resilience of stainless steel and NiTi compared (shaded 
area). The large strains and large recoverable stresses associated 

with the solid-state phase transformation lead to exceptionally 
high energy densities, which can be exploited in MEMS actuators 

and sensors and damping components.  
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SMA, Au-47.5 at% Cd, was 
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discovered in 1951 [1] but the most technologically important SMA, Ni-Ti, was 

discovered in 1963. Nickel titanium has since been used in bulk form to make pipe 

couplings, antennas for cell phones, medical implants and guide-wires, and various 

actuators in electric appliances [1]. In addition, temperature sensitive switches and 

robotic manipulators have been fabricated from the bulk [2]. 

Crystalline NiTi films are also known to possess superelastic properties [1, 3-9] and 

display a shape memory effect, offering superior advantages in engineering applications 

where resilient mechanical response is essential or where thermal actuation is desired, 

including MicroElectroMechanical systems (MEMS). One such application of increasing 

importance in the biomedical field is the fabrication of micro-needles [10-19] for 

transdermal or subdermal fluid transport, including the integration of micro-needles with 

silicon structures [20] such as bio-MEMS assemblies.  Unfortunately, the direct 

deposition of Ni-Ti alloys onto silicon is sometimes compromised by grossly mismatched 

thermal expansion coefficients [21, 22] resulting in delamination and spalling of the 

metallic films. This obstacle can be overcome by depositing the metallic alloy as an 

amorphous phase [1, 3-9] followed by a release of the amorphous film, and then a 

crystallization anneal (also called “devitrification” since it follows from a glassy phase) 

to develop the microstructure needed to induce the superelastic effect [1, 3-8].   

Because actuation of a NiTi MEMS device is done thermally, NiTi films can 

function both as actuator and thermal sensor.  

Nickel titanium films have received considerable attention for applications in 

micro and millimeter scale applications [23-29] since NiTi was first integrated with a 
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micro-machining process by Walker et. al., in 1989 [30, 31]. The reasons for the recent 

surge in interest among the MEMS community are numerous. NiTi has an energy density 

10-100 times greater than other MEMS actuators due to a solid-state phase 

transformation. Its biocompatibility surpasses that of stainless steel. Its fatigue resistance 

allows NiTi films to be strained thousands of times by 3% when stressed around 350 

MPa. Such high actuation forces and high recoverable strains offer significant advantages 

compared to other actuator materials like silicon which can only be strained by 0.2% 

repeatedly. It can be heated resistively with low driving voltages and has a high switching 

rate in the 1 to 100Hz range due to the rapid heat transfer associated with the film form 

[23, 31, 32]. Furthermore, the sputtered form has led to the SMA being batch fabricated 

and thus has potential for integration with control electronics [30-32].  

Another unique aspect of NiTi SMA is its high damping capacity [34-52]. Most 

viscoelastic materials do not combine 

such high strength together with high 

damping as does NiTi [36]. The high 

damping can occur when martensite is 

thermally or mechanically induced. The 

extraordinary damping effect is due to the 

energy going into the phase 

transformation. In addition, the intrinsic 

damping of martensite is very high. This 

is because the martensite twin variants 

reorient under applied stress [36].  

 

Figure 2: Variation of phase transformation 
temperatures as a function of Ni content for nearly 
equiatomic Ni-Ti sputtered films [33].  These films 

were crystallized from the amorphous state at 
500ºC-800ºC for 1 hour.  
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The ability for the phase transformation temperatures that are responsible for the 

SME and SE to be tuned to a desired temperature is presented in figure 2 [33]. The phase 

transformation temperatures for near equiatomic NiTi alloys increases from –73ºC to 

77ºC with a decrease of only 1½ at. % Nickel.  

Films of NiTi are typically processed one of two ways. They are either sputter 

deposited above 430ºC, in which case the films are crystalline [4], or they are sputter 

deposited below 430ºC and the resulting films are amorphous. The amorphous films are 

usually crystallized at temperatures higher than the measured dynamic crystallization 

temperature, Tx [7, 9, 54, 55]. The dynamic crystallization temperature is usually 

measured via differential scanning calorimetry (DSC) and is defined as the onset of the 

exothermic peak, which results from crystallization. An example of a DSC curve used to 

determine a film’s dynamic crystallization temperature is presented in figure 3. 

Deposition of NiTi in 

the amorphous state [1, 3-9] 

allows thick (>5-7µm) films to 

be deposited onto silicon, 

solving delamination and 

spalling problems associated 

with grossly mismatched 

thermal expansion coefficients 

between the alloy film and the 

substrate. The amorphous film 
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Figure 3: Isochronal DSC measurement (10K/min) of 22µm 

amorphous equiatomic NiTi film released from a stainless steel 
substrate (film 1) showing the dynamic crystallization 

temperature to be ~450ºC. The crystallization liberated 32.6J/g 
of energy. Both of these values compare well with published 
values [53]. This crystallization temperature represents the 

upper limit for crystallization experiments done in the present 
work. 
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can then be removed from the substrate (to avoid the same problems associated with 

thermal expansion mismatch) and crystallized. 

Most work has been done at temperatures above Tx, but no systematic study has 

been done on the effect of annealing amorphous NiTi films below this temperature. Such 

low temperature, post processing crystallization anneals would be favorable for their 

CMOS compatibility. The work presented here addresses the microstructural 

development of freestanding amorphous NiTi alloys when heated below Tx, between 

380ºC and 450ºC. 

2 Background 

2.1 Super-elastic Effect 

When the shape memory alloy is fully 

austenitic, a stress will assist the martensitic 

transformation, figure 4. Superelasticity is the 

ability of a material to elastically absorb large 

strains (3-10%) due to this stress induced, 

reversible phase transformation. If the stress 

applied does not cause dislocation assisted slip the 

material will revert back to austenite, recovering the pre-deformed shape. This is because 

when the stress is released the martensite is thermodynamically unstable and will revert 

back to the parent austenitic phase. When stressed, the austenite transforms to martensite. 

Multiple martensite variants separated by twin boundaries will form from each austenite 

grain. Martensite variants aligned properly with the applied stress will grow at the 

 

Figure 4: Austenite deformed into 
martensite when a SE alloy is stressed.  

Martensite sheared 
from Austenite

Martensite sheared 
from Austenite
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expense of the other martensite variants through motion of twin boundaries. The multiple 

martensite variants formed will revert back to the original austenitic crystal structure in 

the original crystallographic orientation, hence the strain becomes reversed upon 

unloading 
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Figure 5: Schematic diagram showing the how stress and temperature determine when the shape 
memory effect & the super-elastic effect are observed. 

The super-elastic effect and the shape memory effect are both due to the 

crystallographic reversibility of the martensite-austenite (M-A) transformation, without 

the formation of irreversible dislocations formed during slip. Both effects can be 

observed in the same specimen depending on the test temperature, as illustrated in figure 

5, following Otsuka [1(p.41)]. The shape memory effect is observed when tested below 

the austenitic start temperature, As. When stressed above Af, the austenitic finish 

temperature, the alloy will behave in a superelastic fashion. Between As and Af, both 

effects partially occur. The straight line with a positive slope represents how the stress 
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required to induce martensite (stress induced martensite) changes with temperature. This 

relationship is described by the Clausius-Clapeyron relationship and is derived in 

Appendix with a sample calculation for Ni-Ti. The important result is the stress at which 

martensite will form changes with temperature according to the Clausius-Clapeyron 

relationship: 

 
( ) ( )0 0 0

(1
0 ( )

A M

A M

Hd
dT V T

)σ
σ ε

→

→

∆−
=

∆i
  

Because the enthalpy A MH →∆  of the austenite to 

martensite transformation is negative (it gives off heat 

and is thus exothermic) and the strain A Mε →∆  associated 

with this transformation is positive, the slope will be 

positive as shown in figure 5. For NiTi, the slope will be 

around 4-7MPa per degree K or C[56].  

The stress-strain relationship of a superelastic 

alloy is shown in figure 1, showing that the energy 

density stored as a result of the phase transformation is 

10-100 times greater than other materials. Also 

illustrated in this figure is how the stress induces the 

martensite at a constant stress and how very large strains are fully recoverable. 

 

Figure 6: Schematic of the Shape 
Memory Effect [24]. 

2.2 The Shape Memory Effect  

A schematic of the SME is shown in figure 6. When cooled to the low 

temperature martensitic phase, the NiTi microstructure forms self-accommodating 
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martensite twins and is easily deformed. 

Deformation of the martensite occurs by a 

selective migration of twin boundaries in the 

multi-variant grain structures. That is, certain twin 

variants aligned properly with the applied stress 

grow at the expense of others martensite variants. 

When heated, each martensite variant (including 

those that shrank during deformation) reverts back 

to the parent austenitic phase in the original 

orientation by the reverse transformation. Upon this phase transformation, the material 

recovers its original shape. 

 

Figure 7:  The NiTi, B2, Austenitic crystal 
structure. It can also be drawn as a 

perfect cube with one atom on the corners 
and one at half the body diagonal. 
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2.3 Crystallography of Transformations 

Anytime twin boundary motion occurs, 

atoms move halves of angstroms at the speed of 

sound and a huge amount of heat is obviously 

generated. Twin boundary motion occurs when the 

parent austenite transforms to stress-induced 

martensite in super-elastic alloys, diagrammatically 

shown in figure 4. Twin boundaries also move in 

shape memory alloys when martensite variants 

properly oriented with the applied stress consume 

unfavorably oriented ones. These are called 

 

Figure 8: A-M transformation. The box 
translates to the new position when 

martensite (B19’) is formed. These are 
accurately drawn for NiTi, and the 

largest atom motion shown here is on 
the order of half an angstrom.  

Martensite

4.6Å

4.1Å
2.9Å

Martensite

4.6Å

4.1Å
2.9Å
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military or diffusionless transformations because atoms move less than inter-atomic 

spacing but move collectively with an audible “crack”. Enough heat is generated that it 

could almost burn your lip, if one were to bend an austenitic SE wire or deform a SMA 

spring on one’s lip. During the A-M phase transformation, the atoms are displace from 

the B2 crystal structure to the B19’ crystal structure. The B2 crystal structure is shown in 

figure 7. The amount the atoms are displaced during the transformation can be seen by 

observing how much the corners of the box move, figure 8. This is the same box shown 

in figure 7 without the atoms drawn in. The internal friction from the atom motion leads 

to dissipated energy (heat) and to the hysteretic loop losses in the stress-strain curve (non-

shaded portion of figure 1), and is responsible for the superior damping properties of 

NiTi [36].  

During the A-M transformation, there are 24 variants of martensite that can form 

from a single austenite grain. Only one of the 24 ways the deformed box can be drawn is 

shown in figure 8, but it is easy to see that if a different shear stress were applied, a 

different variant would be formed. What makes SMAs unique is that during the reverse 

transformation, accomplished by adding heat (SMA) or releasing the stress (SE), the 

atoms can only snap back to their original simple cubic austenitic crystal structure. When 

doing so, the original macroscopic shape is recovered. 

2.4 Strategy for NiTi Actuators 

MEMS based actuators require a bias force to counter the actuator force provided 

by the shape memory effect of the NiTi film. The bias force is used to deform the 

actuator when the NiTi SMA is cooled to its more ductile, compliant state. The bias force 

must cause the martensite to deform past its elastic limit of about 0.5% and cause twin 
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boundary glide to occur. To maximize the useful work but allow many cycles, the 

actuator should be deflected to the strain limit, about 3%. Past this, dislocation plasticity 

may occur, reducing the thermo-mechanical cycle lifetime[23, 24, 57]. 

3 Previous Work 

3.1 Grain Size Refinement 

When slip occurs by dislocation motion, the resulting strain is not recoverable. If 

SIM is reached before austenite slips, superelastic behavior will be achieved. Increasing 

the strength of austenite increases the resistance to slip thus yielding a larger recoverable 

strain.  

Grain size refinement increases austenitic strength resulting in a large magnitude 

of recoverable strain (enhanced super-elasticity) in NiTi films [1(p. 65), 4-9, 58, 59]. The 

desire to control grain size and therefore improve super-elasticity was a motivation of the 

present study. The temperature at which the film was crystallized was thought to have 

some impact on the grain size. A systematic study of the effect devitrification 

temperature has on grain size in NiTi films, however, has yet to be done. Nor has there 

been a systematic study of low temperature devitrification of NiTi films, an area of 

importance for CMOS compatible MEMS processes. 

3.2 Crystallization Temperatures 

Most researchers have crystallized amorphous NiTi films using temperatures near 

and above the dynamic crystallization temperature (~480ºC for a 10ºC/min isochronal 

anneal) [28-30, 58-66]. These researchers report grain sizes between half and a few 

microns. No work this researcher is aware of, however, has been done at low 
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temperatures, though there is one report of annealing at 420ºC for 1 hour yielding grains 

of approximately one micron [67]. It is expected that large undercoolings should provide 

the driving force for producing more nuclei (smaller grains). It is clear that lower 

temperatures should yield devitrification, though the time to do so will increase. 

3.3 Transformation Kinetics 

Classical nucleation kinetics have been used to successfully describe 

devitrification in amorphous alloys [68, 69, 70(p.160 & 145)], because the nucleation and 

growth process can be identical to that in liquids. Amorphous alloys offer a unique 

opportunity to test classical theories at large undercoolings [70(p.146)]. Crystallization 

has been observed to occur by nucleation and growth for metallic glasses [68, 70] and 

NiTi [22, 71, 72] and it is thus expected that classical nucleation theory will accurately 

describe the low temperature devitrification process for amorphous, freestanding NiTi 

films. 

The largest possible undercooling (∆Τ) is desirable for the formation of small 

grains required to avoid dislocation slip before the formation of SIM. On the other hand, 

undercooling limits diffusion and nucleation rate and thus has an upper limit.   

If the amorphous NiTi phase is cooled below a critical temperature, there is a 

driving force for the nucleation of the austenitic phase. This driving force is proportional 

to the undercooling. Undercooling is the difference between the critical temperature (Tm) 

and the lower temperature at which crystallization is done. The formation of crystalline 

nuclei, however, is mitigated by the fact that a free surface is created between the 
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amorphous phase and the crystalline phase when a small embryo is formed. This embryo 

will shrink in size and disappear if it does not have enough energy to reach a critical size.  

The activation energy required to produce a critical-sized nucleus, ∆G*, is a linear 

combination of a barrier term from the surface energy plus a temperature dependent 

driving force term. It has been shown that ∆G* is proportional to 1/(∆Τ)2, so large 

undercoolings reduce the activation energy significantly. The number of nuclei formed as 

well as the nucleation rate are related to the magnitude of the critical activation energy 

∆G* and thus the undercooling. Larger undercooling (small ∆G*) yields reduced grain 

size and more nuclei but slower nucleation rates. 

The slower nucleation rate is a result of slower diffusion of atoms to the 

embryos/amorphous interface. For the NiTi polymorphic crystallization, there is a 

topological reconstruction of the atomic arrangement and the distance for motion is on 

the order of interatomic spacing. Therefore there is a limit to how large an undercooling 

can be used for the nucleation to occur in a practical amount of time. One of the main 

goals is to determine how large of an undercooling is practical. 

3.4 Phase Identification via Diffraction Patterns 

It is well documented that by rotating to a [111] zone axis of the B2 structure 

(austenite), the phase identification of a grain contained within the intermediate aperture 

can be identified as either B2 (austenite), R-phase, or B19’ (martensite) by simply 

looking for the presence of extra (super) reflections as shown in figure 9 and figure 10 

[1(p.57), 3, 4, 6, 73, 74]. If only the major 110  spots appear, the phase is the high 

temperature austenitic (B2) phase. If minor (super-lattice) spots appear at 1/2 the major 
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110  spots, the phase is the low temperature, martensitic (B19’), while if minor spots 

appear at 1/3 the major 110  spots, the phase is the intermediate temperature 

rhombohedral (R) phase. Note that for the B2 and R-phases, the major reflections are 

indexed differently than 110 , as shown in figure 9 and figure 10. 

 

Figure 9: Schematic diffraction pattern. Spots 
occur at ½ the [020] B19’ reflections when 

martensite is present. Note that only one set of 
spots occur at the ½ position for each variant 
present. If “forbidden” reflections occur, than 
more than one variant is captured within the 

intermediate aperture.  
 

Figure 10: Experimental diffraction patterns 
from the B2 (austenite) phase in the [111] 

zone showing only major [7] reflections, and 
the R-phase showing 1/3 [9] spots. By simply 
rotating to the [111] zone of the parent phase 
(which is evident in all three phases), phase 
identification is simply done by looking for 

extra reflections. 
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4 Procedure 

Nearly equiatomic films were deposited on two different substrates: film 1 was on 

stainless steel and film 2 was on silicon. Both films were fabricated by DC diode 

magnetron sputter deposition.  

The NiTi film deposited on stainless steel, film 1, was sputtered at 3.0 mTorr 

argon pressure, at a substrate temperature of 25°C, cathode power of 250 W, from 

Ti52Ni48 alloy targets. The films were easily peeled from their substrates, as adhesion was 

very poor. The resulting films where very rough on the surface, with what appeared to be 

scratches from the stainless steel translating into the same pattern of scratches in the film. 

They were brittle and dull silver in color. The as-sputtered films were amorphous and 

approximately 22 microns thick. 

The NiTi film deposited on silicon, film 2, was sputtered at 3.0 mTorr argon 

pressure, at a substrate temperature of 25°C, cathode power of 250 W, from Ti52Ni48 

alloy targets. This film was diced while still on the silicon substrate and delaminated 

from the substrate by repeated thermal shock cycles using liquid nitrogen and a hot plate 

set at 100°C water. The adhesion often caused silicon to be torn off with the peeled film. 

These films were tough and shiny silver. The as-sputtered films were amorphous and 

approximately 13 microns thick. 

The films were cut with scissors to fit into the ¼ inch diameter aluminum DSC 

pans. The films were annealed in the DSC under an atmosphere of nitrogen isothermally 

or isochronally and DSC patterns recorded.  
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TEM samples have been prepared by the “wedge” method [75].  A stack 

consisting of a thermally oxidized silicon wafer, NiTi film disc, and no. 1½ glass 

coverslip were epoxied (EPO-TEK 353nd) together, providing both support for the film 

and enough surface area to handle the specimen during the sample preparation procedure. 

The tripod-polished sample was glued to a 3mm Cu grid with M-Bond and successfully 

ion milled to electron transparency. 

TEM was performed on selected films at the National Center for Electron 

Microscopy (NCEM) [76]. The JEOL 3010, Philips CM200 and the JEOL 200CX 

Analytical Electron Microscope (AEM) were all used. TEM done at temperatures lower 

than room temperature were done using a liquid nitrogen cooled double tilt stage in the 

Philips CM200. Heating experiments done in the AEM utilized the heating, double tilt 

stage. 

4.1 Experimental Outline 

Experiments on these films consisted of determination of the dynamic 

crystallization temperature, as commonly done [53, 77-79] for amorphous materials, by 

heating the sample at a constant rate of 10K/min (isochronally) in a DSC and measuring 

heat evolved during the devitrification. The onset of crystallization was used as the upper 

limit for the study of isothermal annealing experiments. The films were crystallized at 

progressively lower temperatures until no exothermic crystallization peak could be 

observed. 

TEM was performed on fully transformed films annealed at various temperatures 

to determine microstructural differences associated with lowering the devitrification 
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temperature. TEM was also performed on films annealed at a specific temperature for 

various times to elicit the transformation rates. In-situ phase identification experiments by 

diffraction in the TEM were performed at temperatures between –60ºC and 200ºC of 

fully transformed samples to determine the temperature/phase relation of the two major 

grain types, columnar grains and plate-like grains. 

5 Results and Discussion 

5.1 Devitrification of Film 1 

Differential scanning calorimetry (DSC) offers clear evidence of the 

transformation of the amorphous film to the crystalline state, figure 3. The heating 

thermogram exhibits one distinct exotherm at 451ºC, which defines the dynamic 

crystallization temperature, Tx, as 451°C for Film 1. The total energy liberated during the 

devitrification was about 33J/g, which agrees with reported results [53]. 

Film 1 was then isothermally annealed at temperatures lower than Tx, starting at 

440ºC, with the lowest devitrification temperature at which an exothermic peak could be 

observed being 420ºC, figure 11.  As the annealing temperature was lowered, the 

crystallization took longer to start (the transient time increased) and the devitrification 

curve broadened out as expected, according classical nucleation theory of amorphous 

alloys [68-70, 80].  
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Figure 11: Isothermal DSC measurement of 22µm amorphous equiatomic NiTi film showing 
broadening of crystallization peaks and increase in transient times for lower temperatures. It 

appears near 420ºC, crystallization may not be occurring, a fact that must be investigated via TEM. 

5.2 Microstructure via TEM of Film 1 

The relative area of the crystallization peak should correspond to the amount the 

sample has transformed [69, 70, 72]. As shown in figure 11, half of the area of the 

crystallization peak occurred at 25 minutes (shown in red), and should correspond to the 

film being half crystallized. The cross-sectional microstructure of the sample crystallized 

for 25 minutes at 430ºC is shown in figure 12 (close-up in figure 13), revealing that the 

film is 42% crystallized, a value that bodes well with the theory that the relative area 

under the crystallization curve (the energy liberated) at a particular time relative to the 

total area under the curve corresponds to the amount the phase transformation has 

proceeded. 
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The TEM micrograph 

shown in figure 12 presents 

one of the two free surfaces 

where nucleation occurred, 

followed by grain 

impingement and finally 

columnar growth of the 

grains consuming the 

amorphous phase. Note that 

the crystalline/amorphous 

interface is nearly flat 

implying the grains grew at 

nearly the same rate into the 

amorphous phase. This film 

was 22.4 µm thick, and thus 

two surfaces, each 4.7 µm 

thick, represent 42% crystallized product, a value that supports the analysis of the DSC 

curves. This TEM is of the sample labeled “430ºC ½ crystallized quench” in figure 11, 

which was quenched in liquid nitrogen after 25minutes, or approximately half the peak 

area observed when the sample was fully crystallized. 

 

Figure 12: TEM image of one of two surfaces showing 
crystallization must have occurred at the surface, followed by 
grain impingement and finally columnar growth of the grains 

consuming the amorphous phase. Note that the 
crystalline/amorphous interface is nearly flat implying the grains 
grew at nearly the same rate into the amorphous phase. This film 

was 22.4 µm thick, and thus two surfaces, each 4.7 µm thick, 
represent 42% crystallized product, a value that supports 

analysis of the DSC curves. This TEM is of the sample labeled 
“430ºC ½ crystallized quench” in figure 11, which was quenched 

in liquid nitrogen after 25minutes, or approximately half the 
peak area observed when the sample is fully crystallized. 
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Figure 13 is a 

close-up of the 

amorphous/crystalline 

interface, showing the 

crystallization front is 

fairly flat and is 

consuming the 

amorphous phase. 

Also, note the grain 

size is approximately 

one micron, a value 

often reported in the literature for NiTi films when devitrified from the amorphous state 

[6, 74, 81]. 

 

Figure 13: Interface of the same film shown in figure 12. The grain size is 
approximately 1µm.  

Because of the film roughness and brittleness, further analysis was not done as a 

better film, Film 2, was fabricated on a silicon substrate, producing a smoother surface 

and a more resilient amorphous film. 

5.3 Devitrification of Film 2  

Film 2 was crystallized in the DSC and the heat evolved during the crystallization 

was recorded at temperatures starting at 450ºC and annealing as low as 380ºC. Only those 

films annealed between 420ºC and 450ºC showed a crystallization peak that was able to 

be resolved in the DSC as presented in figure 14. The heat evolved was between 17-23 

J/g for these films. The films annealed at 430ºC, 425ºC and 420ºC showed two 

crystallization peaks. When adding these two peaks together, the heat evolved was 17 to 



 

18 J/g, lower than the 22-23J/g of heat evolved when only one peak was observed. The 

lower heat evolved for the three films with dual peaks can be attributed to the fact that 

some of the heat was not added in when the two peaks were separated.  
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Figure 14: Isothermal anneals of freestanding Film 2 deposited and removed from silicon substrates. 
The lowest devitrification temperature shown in this figure is 420ºC, but films were annealed to as 

low as 380ºC and still showed signs of partial crystallization. Note that the devitrification takes 
longer to start and the peak broadens as the annealing temperature is lowered. Double crystallization 

peaks imply different parts of the film crystallized at different times. 

 

It is clear from figure 14 that there are two peaks in the crystallization process. 

Each peak may correspond to a different part of the film crystallizing as will be discussed 

in the ensuing sections.  
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1µm1µm  

Figure 15: TEM image of Film 2. Annealed at 420ºC for 200 minutes, this TEM cross-sectional 
micrograph clearly shows the columnar grains at the top of the image, which nucleated at the surface 

of the film and consumed the amorphous phase. The grains at the bottom of the image are the 
platelets, which appear to have nucleated at the interior. Their contrast is more singular, typical of 

single grains. It is also evident that the platelets are much larger than the columnar grains.  

 

Figure 15 presents a TEM cross-section of film 2 after annealing at 420ºC for 200 

minutes. The top of the micrograph shows the columnar grains that nucleated at the 

surface. The grains at the bottom of the image are large, single contrast platelet grains 

that transformed in the interior of the film. The interface is flat, indicating that the 

columnar grains nucleated at the surface, impinged and then grew into the amorphous 

phase at a constant rate.  
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Figure 16: DSC of two films annealed at 440ºC. When crystallized for only 12 minutes, the film did 
not have time to fully crystallize, as would be expected by looking at the area of the curve. 

When an amorphous film was 

annealed for a shorter time of 12 

minutes at 440ºC in the DSC, figure 

16, it was observed by cross-sectional 

TEM that the film did not fully 

transform, figure 17. The 

devitrification curve for the film 

annealed for 60 minutes, presented in 

figure 16, shows that the film was fully 

crystalline after 25 minutes (shaded 

area). Therefore a sample annealed for 

half of this time should not be fully 

 

Figure 17: TEM cross-section of film annealed at 
440ºC for only 12 minutes. The 1.1 µm thick 

amorphous layer separates columnar grains layer 
from the platelet grains. The diffraction patterns 

confirm that the middle layer is amorphous and the 
columnar grains are crystalline. 
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crystalline. Indeed, the interior of the film remained amorphous. Observe the amorphous 

rings in the diffraction pattern presented in figure 17. Notice that the top of the film 

contains the columnar grains, while the bottom of the TEM image shows the platelet 

grains. These platelets are roughly in the center of the freestanding film and NOT at the 

bottom of the film. The amorphous layer separates these two types of grains. This 

confirmed that the columnar grains nucleate at the surface and grow into the film. It is 

also verified that the two morphologies form separately from each other. The interior 

crystallized layer clearly has a different morphology than the surface columnar grains. 

They also nucleated and grew independently of each other. These two grains nucleated at 

different times and account for the two peaks observed in the DSC curves taken during 

crystallization, figure 14. 

5.4 Transformational Behavior of Film 2: DSC 
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Figure 18: Transformational behavior of NiTi (Film 2) annealed at various temperatures lower than 
Tx. Films annealed lower than 420ºC do not show transformational peak areas as large as those 
annealed at higher temperatures. The reduced area indicates such films are not fully crystalline. 

Phase labeling was a first guess and will be shown to be more complicated.  



 

The transformational behavior of the crystallized films was subsequently studied 

by cycling through the temperature range of –60ºC and 200ºC in a DSC while measuring 

the heat flow. All of the films transformational behavior is presented in figure 18. All the 

films were repeatedly cycled several times through the temperature range of –60ºC and 

200ºC. When the curves were overlaid, they showed the same behavior during each 

cycle, thus showing that the transformations were completely reversible. Selected data is 

presented in figure 19, showing the phases that might be present at the various 

temperatures during heating and cooling. That is that B19’ might be present at low 

temperatures and B2 at higher temperatures with the R phase the intermediate 

temperature phase. But comparison of this data with the transformational behavior of 

NiTi reported in the literature showed a discrepancy [22, 33, 53, 55, 63, 79, 82-85].  

B19'

B19' R

B2

B2

Cooling

-0.8

-0.6

-0.4

-0.2

0.0

0.2

H
ea

t F
lo

w
 (W

/g
)

-75 -25 25 75 125 175 225
Temperature (°C)

–––––––   #5 450C 120min
– – – –      #9 420C 200min

––– – –     #15 380C 1000min
––– –––    #13 Amorphous as received

Exo Up  

––––– ·     #12 390C 600min

Heating

Figure 19: Transformation behavior of Film 2 annealed at high, medium and low temperatures as 
well as the as-received amorphous film. The film annealed at 390ºC shows a reduced peak area of the 

phase transformations compared to fully crystallized samples (Sample #5 & #9) indicating the film 
has not fully transformed to the crystalline state. 
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Gyobu [55], for example, studied the 

crystallization of equiatomic films annealed at 

470ºC in a DSC, figure 20 [55]. Comparison of 

the transformational behavior of Film 2 and 

those reported in the literature [22, 33, 53, 55, 

63, 79, 82-85] show that there was a discrepancy 

in how the R-phase develops. R-phase is always 

reported as developing during cooling and not 

during heating, where as the results in figure 18 

and figure 19 indicate that R-phase may be 

present during heating but not cooling. Phase 

identification via TEM was thus used to 

determine which peaks corresponded to which 

phase changes and is presented in Section 5.5. 

 

Figure 20: DSC curves associated with the 
B2-R-B19 transformations of a Ti–

48.6at.% Ni alloy film aged at 743 K for 1.8 
ks under constraint after crystallization by 

holding at 743 K for 0.36 ks  [55].  

It is evident that as the temperature of 

crystallization is reduced, there is a point at which the film no longer fully crystallizes. 

This is shown to be between 390ºC and 420ºC as presented in figure 21. The decreased 

crystallization peak height of the film annealed at 390ºC for 600 minutes, compared to 

that annealed at 420ºC for 200 minutes, can be attributed to some of the film remaining 

amorphous and thus being unable to transform between two solid state phases. This was 

confirmed by TEM, figure 22, showing that only the surface had transformed when the 

film was annealed at 390C. Notice that the grains do appear to be columnar. These grains 

are at the surface of the film, while the amorphous area is at the interior.   

 25



 

 26

H
ea

t F
lo

w
 (W

/g
)

-0.5

-0.3

-0.1

0.1

-75 -25 25 75 125 175Temperature (°C)Exo Up

420°C

450°C

390°C

Heating

Cooling

Temp. of 
Crystallization:

Temperature (ºC)

H
ea

t F
lo

w
 (W

/g
)

-0.5

-0.3

-0.1

0.1

-75 -25 25 75 125 175Temperature (°C)Exo Up

420°C

450°C

390°C

Heating

Cooling

Temp. of 
Crystallization:

Temperature (ºC)
 

Figure 21: Reversible phase transformations responsible for shape memory and super-elastic 
properties of NiTi films. Evident for films annealed from 450ºC to as low as 390ºC.  Reduced peak 
height @ 390ºC indicates not all the film is crystalline compared to those annealed at 420ºC and 

450ºC. 
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Figure 22: TEM of film crystallized at 390ºC for 600 minutes. The crystalline grains clearly 
nucleated at the surface (top in image) and consumed the amorphous phase. But the film never fully 

crystallized and the resulting DSC shown above shows a reduced transformation peak. 

 



 

5.5 Transformational Behavior of Film 2: In-situ phase ID via TEM 

As discussed in section 5.4, the DSC peaks which resulted from solid state phase 

transformations between B19’, B2, and the R phase were shown not to be in the same 

temperature range as reported in the literature. Thus, an in-situ heating and diffraction 

experiment was used to identify the observed DSC peak. The phases of the columnar and 

platelet grains were identified by diffraction as a function of temperature.  

 

Figure 23: In-situ experiments identifying endotherms and exotherms which appear when columnar 
grains transform from R-phase to B2 phase and back. Included are the grains the diffraction 

experiment were performed on at low and high temperatures, showing there was no morphological 
change. 

Figure 23 presents the results of the in-situ heating experiment for the columnar 

grains. Many of the diffraction patterns are included in this figure and identified with the 

temperature at which they were taken. In addition the DSC results and the TEM image 

are included to show exactly where the aperture was placed on the image and which 

peaks correspond to which solid state phase transformation. The grains were rotated to a  
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[111] zone and isolated with a 0.4 micron aperture and diffraction patterns were taken in 

the [111] zone for the B2 phase. 

Figure 23 clearly identifies the phase transformations responsible for the DSC 

peaks. For example, the 4.8J/g endotherm, which occurs upon heating at 52ºC, is due to 

the phase transformation from the R-phase to B2. Notice that at 45ºC, spots appear at 1/3 

the major 110  spots due to the rhombohedral phase.  As the temperature is raised past 

the 4.8J/g endotherm, the extra spots grow faint (see the diffraction pattern at 50ºC) until 

they are no longer present at all at 58ºC. The temperature of this endotherm corresponds 

well with that reported [33, p. 699] for R to B2 transformation, as does the exotherm. The 

energy associated with a phase change on cooling has been reported to be ~-3.0J/g 

(exothermic), which bodes well with the value reported here of  an endotherm of 4.8J/g 

seen on heating [4, p. 991]. 

Upon cooling, the reverse phase transformation is evident in the columnar grains 

by the appearance of the extra reflections, when cooled below 52.4ºC.  

Further analysis of figure 23 shows that the columnar grains do not go through 

any phase transformation upon heating in the temperature range of 58ºC and 100ºC. Thus 

the smaller two peaks at the bottom of the figure are not due to this type of grain 

transforming. Thus the columnar grains transform only between B2 and B19’. 

When the endotherms are added up (4.8+0.3+1.8=6.9J/g) and compared to the 

exothermic reactions (6.8J/g), it is clear that the energy is conserved and that the 

transformations are fully reversible. Measuring the same curve five times and observing 

that all curves are the same also substantiates the reversibility of the solid-state reactions. 
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A similar experiment was performed on the platelet grains and this experiment is 

summarized along with the results of the columnar grains in figure 24. The platelet grains 

are observed to be martensitic (B19’) up to 80C and then transform to austenite (B2) 

above this when heated. This is determined by the disappearance of the spots at 1/2 the 

major 110  spots. When the film was cooled, the phase actually transformed to the R 

phase, not back to the austenitic phase.  
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Figure 24: The phase transformation of columnar grains and platelet grains was studied in-situ. The 
R to B2 phase transformation is attributed to the columnar grains while the B19’ to B2 is attributed 

to the platelet grains.  

Comparison of the small area of the austenite/martensite peaks with the larger 

area of the R-phase/austenite peaks reveals that most of the material transforms between 

R and B2 phases. This may be due to the low temperatures at which these films were 

crystallized. 
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5.6 Composition of Film 2 

52

52.1

52.2

52.3

52.4

52.5

52.6

52.7

52.8

52.9

53

0 10000 20000 30000 40000 50000 60000

Distance (microns)

Pe
rc

en
t T

i (
at

om
ic

)
Scanned from Edge to Center

Scanned from Center to Edge

Edge of 5" wafer

Center of 
5" wafer

 

Figure 25: MicroProbe analysis showing composition variation across a film deposited on a 5” 
diameter (63.5mm radius) wafer. This film was deposited with the same conditions as Film 2 and 

thus corresponds to the same composition and variation across the wafer. The error of the absolute 
composition can be as large as one atomic percent, while the changes in composition across the wafer 
are on the order of  0.2at.%.   Thus the observed maximum Ti composition can be and trusted to be 

near 25mm from the edge. Samples studied were taken from all over the wafer and thus there will be 
some compositional difference in samples. 

Figure 25 presents microprobe analysis showing composition variation across a 

nearly equiatomic NiTi film deposited on a 5” diameter (63.5mm radius) silicon wafer. 

This film was deposited with the same conditions as Film 2 and thus corresponds to the 

same composition and variation across the wafer. The atomic percent of titanium is 

plotted as a function of position, where zero corresponds to the edge of the wafer. The 

balance is Ni.  The analysis was done by scanning once from center to edge (broken line) 

and then again from edge to center (solid line) to show that the trend was repeatable. The 

noise thus can be clearly seen to be about 0.2 atomic percent by observing the variations 

in composition at the same place on the wafer. The error of the absolute composition for 

microprobe analysis can be as large as one atomic percent [86-89], and thus is only a 

starting point for compositional determination. The observed maximum Ti composition, 
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however, can be trusted to be between 20 and 30mm from the edge. Samples studied 

were taken from all over the wafer and thus there will be some compositional difference 

in samples, as much as 0.5 at.%. 

5.7 Composition of Columnar and Platelet Grains by EDX in the TEM 

Because the columnar grains transform differently than the platelet grains, it was 

desired to determine if there was any compositional differences in these two types of 

grains. It was determined that there was no compositional difference between the 

columnar grains and the platelets by using Energy Dispersive X-ray spectroscopy, using a 

large probe (but much smaller than the grain) on each of the grains. Analysis of this 

spectrum then yielded the composition. Two of the spectra collected are presented in 

figure 26. No difference in composition was apparent between the two grain types. 
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Figure 26: An example of an Energy Dispersive X-ray spectrum of a columnar grain and a platelet 
grain, showing that there is a negligible difference in composition, which is within the error of the 

measurement.  Several such spectrum were taken and no notable difference in the composition of the 
two types of grains was observed.  
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5.8 Particles at the Interface: EELS and Nanoprobe Analysis 

Analysis of the interface between the columnar grains and the platelet grains 

presented in figure 15 shows that particles form at this interface, which will be shown to 

be titanium rich. It was also determined that the interface itself was rich in titanium. This 

was determined from nanoprobe line scans across the interface, line scans across particles 

and Electron Energy Loss Spectroscopy of the interface.  
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Figure 27: Dark field of interface between columnar grains and platelets for the film annealed at 
420C for 200 minutes. Note that some of the particles show up bright, indicating a texture in the film. 

Figure 27 presents a dark field image of the interface showing the particles are 

about 10 to 60nm in size. The interface is not horizontally inclined, but marked with 

arrows for clarity. It appears that the particles are most numerous at the interface.  

Elemental mapping was used to show two-dimensional distributions of Ni and Ti. 

This was done by recording two images, one before and one after the ionization edge and 

dividing the post-edge image by the pre-edge image. The resulting jump ratio image 
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yields contrast due to elemental 

distribution only, with thickness 

and diffraction contrast 

eliminated [90(p.331)]. Bright 

and dark contrast in a jump ratio 

image show where elemental 

concentration is high or low. 

The EELS spectrum 

taken from the interface is 

presented in figure 28. Contrast 

was established by taking 

images with the pre-edge and post-edge energies. These two images were then used to 

make jump ratio images. The ionization edges for Ni and Ti are labeled. The jump ratio 

images are shown in figure 29. They clearly show the interface and particles are rich in 

titanium and depleted in nickel.   
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Figure 28: EELS Spectrum from the interface of the film 
annealed at 420C for 200 minutes used to create the Ni and Ti 
jump ratio maps. The post-ionization edge image was divided 
by the pre-ionization edge image to yield jump ratio images 

for both Ni and Ti. Bright contrast shows where that element 
has higher concentrations than other areas in the image, 

while darker contrast shows where that particular element is 
deficient. 

b.) Ni Jump Ratiob.) Ni Jump Ratioa.) Ti Jump Ratioa.) Ti Jump Ratio b.) Ni Jump Ratiob.) Ni Jump Ratioa.) Ti Jump Ratioa.) Ti Jump Ratio
 

Figure 29: Jump ratio images for Ni and Ti. The bright contrast in a.) 
shows that the interface and particles are rich in titanium while the same 
areas are shown in b.) to be depleted of Ni because of the dark contrast. 
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Further support of the 

titanium rich particles was found 

by performing a nanoprobe line-

scan across a particle at the 

interface. A probe 1.4nm large was 

used to take fifty individual energy 

dispersive x-ray spectrum, similar 

to the two presented in figure 26. 

The TEM image exactly where the 

line scan was taken is shown in 

figure 30. An example of how the 

cumulative counts in the Ni Kα1 

and Ti Kα1 peaks are measured 

(red energy window in the x-ray 

spectrum) and then plotted as a 

function of position in the line-

scan is presented in figure 31. Because of the linear relationship between counts 

measured in the Kα1 peaks and composition, counts can be correlated to the composition 

by analyzing two spectrum along the line scan. The resulting plot of the intensity from 

titanium and nickel signals as a function of position is presented in figure 32. Intensity 

was converted to composition and is presented in figure 33. These plots conclusively 

show that the particles are titanium rich at about 55at% titanium and depleted in nickel. 

Caution must be taken with this measured composition as the particles are in the 
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Figure 30: Line scan (black with white border) across a 
particle (white contrast) at the interface (shown by 

arrows). Fifty EDX spectrum were taken along this line to 
analyze composition changes across the interface. 



 

surrounding matrix. Hence there is still a significant x-ray signal from the background, 

which is nearly equiatomic. Therefore, it is expected that the particle composition is 

actually more rich in titanium and likely to be the commonly observed Ti2Ni [91]. 

 

Figure 31 Example of how the cumulative counts in the Ni Kα1 and Ti Kα1 x-ray peaks are measured 
(highlighted in red in the x-ray spectrum) to yield a plot of counts vs. position for the line scan. 

Analysis on two of the points correlates counts with composition and allows figure 33 to be plotted. 
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Figure 32: Line scan result for the Ti and Ni composition across the particle at the interface. 
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Figure 33: Line scan replotted with composition on the ordinate axis. The particle starts at about 
70nm into the line scan and ends at about 130nm. Clearly the particle is titanium rich and Ni 

depleted. 

6 Conclusions 

NiTi films sputter deposited at 25°C were amorphous. These films were released 

and then crystallized in a DSC. It was found that as the crystallization temperature was 

lowered from 450°C to 400°C, the incubation time increased and the crystallization peaks 

broadened, but the films fully crystallized. When the same films were subjected to an 

annealing temperature of 390°C, they did not fully crystallize. 
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Two crystallization peaks were observed and attributed to two types of grain 

morphologies, columnar grains and platelet grains. It was determined that the columnar 

grains nucleated at both free surfaces and grew laterally until they impinged, covering 

both surfaces. at the surface. These grains then grew into the amorphous phase, 

consuming it at a constant rate, producing a flat amorphous/crystalline interface. The 

platelet grains were shown to nucleate separately in the interior of the film. 

The two types of grains were shown to undergo different phase transformations 

when cycled through the temperature range of –60ºC and 200ºC. It was observed that the 

columnar grains transformed between the rhombohedral phase and the austenitic phase. 

The platelets were shown to transform between martensite and austenite. No 

compositional difference could be detected between the columnar and platelet grains. 

EELS was used to examine the composition of particles observed at the interface 

between the two types of grains as well as the composition of the intergranular interfaces. 

It was found that Ti2Ni particles resided in a high concentration near the interface and the 

interface was titanium rich. 

Low temperature, post processing crystallization anneals have been shown to 

successfully crystallize freestanding NiTi films. Such low annealing temperatures would 

be favorable for their CMOS compatibility and thus are important to the applications of 

MEMS structures. 
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7 Appendix 

7.1 Derivation of the Clausius-Clapeyron Equation 

A quasi-static thermodynamic formalism of the small volume, shear phase change 

endured by equiatomic TiNi.  The internal energy (U) has been shown [92] to be a 

detailed energy balance: 

Dissipative entropy/work Stored strain Mech work by 
external force

For ideal thermoelastic behavior all zero

0

Heat( )+work( )

i i elastic

dq dw

dU TdS pdV T S W dE V dδ δ σ= − − − − +��	�
 ε���	��
��	�
 �	

����	���


 (1) 

where S and V are the entropy and molar volume of the two phase system and the other 

terms are defined above. The Gibbs free energy becomes: 

 0G U PV TS V σε= + − −  (2) 

 0 0dG dU pdV Vdp TdS SdT V d V dσ ε ε= + + − − − − σ   

 0 0 0dG TdS pdV pdV Vdp TdS SdT V d V d V dσ ε ε σ σ= − + + − − − − + ε  

Upon cancellation, assumptions from equation (1) and assuming constant pressure 

we have: 

 0dG SdT V dε σ= − −  (3) 

Thus, the only way to maintain equilibrium between the low temperature 

martensite and high temperature austenite during changes in the applied stress is for the 

transition temperature to change. If the martensite and austenite phases are in 

equilibrium, we have: 
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A A A

0

0

M M MdG S dT V d

dG S dT V d

ε σ

ε σ

= − −

= − −
 (4) 

If martensite and austenite are in equilibrium, M AG G=  therefore M AdG=dG  

and 

 0 0
A A M MS dT V d S dT V dε σ ε− − = − − σ

dT

 

  0 ( ) ( )M A M AV d S Sε ε σ− − = −

And the change in the transformation temperature with uniaxial stress required to 

maintain equilibrium between the martensite and austenite is given by the Clausius-

Clapeyron equation: 

 ( )0
0 0

(( )
( ) (

M A
A M

M A
A M

dT
V V

d S S S
σ εε ε

σ
→

→

∆−
= − = −

− ∆
)
)

 (5) 

Because G H , or TS= − 0G H T S∆ = ∆ − ∆ =  for the equilibrium case, 

( )0

HS T σ
∆∆ = 0=  can be substituted into equation (5). 

 ( ) ( )0
0

( ) 0
( )

A M

A M

dT
V T

d H
σ ε

σ
→

→

∆
= −

∆ 0  (6) 

7.2 Sample Calculations for NiTi 

( ) 3
3 3

0

47.9+58.7 g cm[m /mole] 8.26 cm /mole
2 mole 6.45

V
g

= =  

( ) ( )0 00 /T Ms Asσ σ= == − 0 2  
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for a 50Ni-50Ti sample [93], 

( )
53.320 20 1066A M exothermic

J J gH
g g mole mole→∆ = − = − = −i J , 

53.30.1 0.1 5.33gJ J J
g K g K mole mole KS ⋅ ⋅ ⋅∆ = = ⋅ = 0 290T K, = , ~ 4.5% 0.045M A Mε ε ε ε∆ = − = = =  

( )0 3
J

mole

(0.1) K=-8.26 cm /mole 290K=0.23
(-1066 ) MPa

dT
d

σ
σ

 

Alternatively, we could use equation (5) 

( )0 3
0 J

mole×K

( ) (0.1) K-8.26 cm /mole 0.15
( ) (-5.33 ) MPa

A M

A M

dT
V

d S
σ ε

σ
→

→

∆
= − = =

∆
  

Note that 3

J MPa
cm

= . The  

So the transformational temperature, Ms for example, moves up 1K (or 1°C) for 

each 4-7MPa of applied stress, values which have been observed by Grummon [56].   
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